Preimplantation genetic diagnosis (PGD) has been prevalent in the field of assisted reproductive technology, yet the longterm risks of PGD to offspring remain unknown. In the present study, the early development of PGD embryos, postimplantation characteristics, and birth rate following PGD were determined. Moreover, the behavior of the offspring conceived from the biopsied embryos was evaluated with the Morris water maze and pole climbing tests. Finally, the epigenetic modification of the global genome and methylation patterns for the H19, Igf2, and Snrpn imprinted genes were identified. The results indicated a significant delay in the blastocoel formation of PGD embryos and a decrease in the implantation ability of these embryos, which was related to the decreased number of cells in the PGD blastocysts. The PGD mice spent more time on both the nontrained quadrant of the water maze and climbing down the pole. Furthermore, the 5-hydroxymethylcytosine content in the brain tissues of PGD mice was significantly increased, but no difference was found in 5-methylcytosine content. The differentially methylated regions of H19/Igf2 exhibited decreased methylation patterns, but that of Snrpn was normal, compared to the control group. Quantitative RT-PCR indicated that Igf2 mRNA expression was significantly decreased but that H19 and Snrpn mRNAs were expressed normally. In conclusion, blastomere biopsies in PGD procedures carry potential risks to embryo development and the behavior of resulting offspring; these risks may arise from aberrant epigenetic modification and methylation patterns in brain tissues. Further studies are needed to better understand the risks associated with PGD.
INTRODUCTION
Preimplantation genetic diagnosis (PGD) has been a commonly used assisted reproductive technology (ART) procedure since the first successful case was reported in 1990 [1] . PGD is helpful in identifying genetic diseases and chromosome aneuploidy in embryos, and the procedure can facilitate the birth of healthy offspring. As of 2010, approximately 50 000 PGD cycles have been attempted, resulting in the birth of approximately 10 000 babies worldwide [2] . With the development and application of molecular diagnosis technology, including DNA sequencing, arraycomparative genome hybridization, and single nucleotide polymorphism genotyping, an increased number of diseases can be diagnosed by PGD, thus benefitting more patients.
Risks associated with ART have been suggested by largescale epidemiologic surveys based on clinical and animal models; however, those studies have not included a risk evaluation for PGD. One research group concluded that no differences existed between the singleton children conceived from PGD and those from intracytoplasmic sperm injection (ICSI), another invasive ART procedure, based on a retrospective analysis of 581 samples [3] . This analysis was repeated in 2012 with an experimental group that included 995 samples [4] . However, multiples born following PGD appeared to be at higher risk for perinatal death and low birth weight compared to multiples born following ICSI. Desmyttere et al. [5] also suggested that auxologic and physical data obtained from 2-year-old children conceived using PGD (PGD, n ¼ 102; ICSI, n ¼ 102) were similar, and Nekkebroeck et al. [6] found no differences in mental, motor, socioemotional, and language development between the PGD and ICSI groups. However, the sample numbers of these studies were still smaller than those of the in vitro fertilization (IVF) and ICSI retrospective analyses [7, 8] , and the data were obtained from only one research group. Furthermore, it is difficult to draw conclusions about the effects of PGD worldwide because of the differences in race, living standards, health care, and micromanipulation technologies.
Three biopsy methods are selectively applied in PGD procedures-namely, polar body, blastomere, and trophoblast biopsies. Because polar bodies only reflect maternal chromosome abnormalities and trophoblasts mainly develop in the placenta rather than the fetus, blastomere biopsies are performed most frequently. The effects of blastomere biopsies on embryos in the early developmental stage have been reported in previous studies. Ugajin et al. [9] used time-lapse cinematography to show that blastomere removal has an adverse effect on embryonic development around the time of hatching and that blastomere biopsy impairs the duration of blastocoel formation and the maximum diameter of blastocysts. Using time-lapse video, Kirkegaard et al. [10] reported that following blastomere biopsy, PGD blastocysts hatched from an artificially introduced opening in the zona pellucida before the biopsy had a thicker zona pellucida and a smaller diameter than controls. Duncan et al. [11] reported that a blastomere biopsy as part of the PGD procedure impaired blastocyst formation and hatching; however, global gene expression profiling in PGD embryos was similar to that in control embryos. In 2009, Yu et al. [12] developed a murine model of PGD that showed impaired memory, and the results of proteomics in brain tissues indicated a potential risk for neurodegenerative disorders in PGD offspring. That study showed that a blastomere biopsy as part of PGD not only affected embryo development but also impaired the behavior of offspring by changing important protein expression in the brain tissues.
Epigenetic modification is an important method of gene expression regulation in mammalian development [13] . In the process of epigenetic regulation, DNA methylation of cytosine residues within cytosine phosphate guanine (CpG) dinucleotides that produce 5-methylcytosine (5mC) is well recognized as an important epigenetic process in human health and disease [14] . However, 5-hydroxymethylcytosine (5hmC) has been shown to play a key role in gene expression regulation during the processes of zygotic paternal DNA reprogramming [15] as well as aging, tumor differentiation, and aggressive behavior [16] . Globisch et al. [17] reported that central nervous system tissues have the highest levels of 5hmC. Münzel et al. [18] also showed that 5hmC was widely distributed in the brain and was particularly prominent in the brain tissues involved in higher cognitive functions, such as the cerebral cortex and hippocampus. The function of 5hmC modification remains unknown, although its potential role as a stable epigenetic landmark has been indicated in recent studies. Specifically, 5hmC has been detected as a relatively stable epigenetic mark in embryonic stem cells and after subsequent differentiation, which suggests a role in cell differentiation [19] . Moreover, compared with the volume of 5-formylcytosine and 5-carboxylcytosine, an abundance of 5hmC in many normal tissues indirectly indicates its possible importance in development. Alternatively, Tan et al. [20] suggested specific readers that subsequently direct the dynamic remodeling and organization of the chromatin structures, which are key to proper gene transcription, might be recruited by 5hmC. Furthermore, in the process of neuron development, 5hmC was suggested to function in the activation of neuronal function-related genes, therefore promoting brain development [21] . Based on a previous study that showed a blastomere biopsy during PGD induced neurodegenerative disease by affecting protein expression in the brain tissues [12] , it is necessary to discuss the global dynamic changes and the roles of 5mC and 5hmC in brain tissues.
Imprinted genes are genes for which expression is determined by the parent who contributed the genes, and the laws of Mendelian inheritance are violated with imprinted genes because the genotype of a parental allele does not always influence the phenotype of the offspring [22] . The aberrant expression of imprinted genes has been suggested to have a role in ART offspring, which likely results in the higher morbidity of diseases, including Beckwith-Wiedemann syndrome, Prader-Willi syndrome (PWS), and Angelman syndrome [23, 24] . Results with three genes in particularnamely, H19, Igf2, and Snrpn-have indicated the important roles of imprinted genes involved in these diseases. H19 was reported in 1984 by Pachnis et al. [25] , and the product of the H19 gene is an untranslated RNA that is expressed exclusively from the maternal chromosome during mammalian development [26] . Igf2 encodes the key fetal mitogen insulin-like growth factor 2 and plays a critical role in brain development and function, such as memory consolidation and enhancement [27] . Methylation of H19/Igf2 within the differentially methylated region (DMR) is regarded as an imprinting mark involved in regulating gene expression during the process of development and differentiation. Small nuclear ribonucleoprotein polypeptide N (Snrpn) is a maternally methylated imprinted gene. The DMR1 of Snrpn in the mouse corresponds to the human Snrpn imprinted locus, and aberrant methylation of this region is used in the diagnosis of PWS [28] . Some ART manipulation has been related to the imprinted genes, including ovarian stimulation [29] , in vitro culture [30] , ICSI [31] , and embryo vitrification [32] ; to our knowledge, however, the longterm effects of blastomere removal on imprinted gene expression have yet to be reported.
In the present study, the effects of blastomere biopsy during PGD on embryo development and subsequent behavior of the offspring were investigated. In addition, dynamic epigenetic modification was analyzed in brain tissues from PGD offspring.
MATERIALS AND METHODS
All chemicals and culture media were purchased from Sigma Chemical Company unless stated otherwise. The present study was approved by the Institutional Review Board at Peking University Third Hospital. All experiments requiring the use of animals were approved by the Committee on the Ethics of Animals and Medicine of Peking University Third Hospital.
Mice
Outbred ICR mice were utilized throughout the present study. Mice derived from embryos that underwent PGD blastomere biopsy were designated as the PGD group, and mice derived from embryos that underwent similar in vitro embryo manipulation (IVEM) except biopsy were designated as the IVEM group.
Cleavage-Stage Biopsy and Embryo Transfer
Eight-week-old ICR female mice were superovulated by sequential administration of 10 IU of equine chorionic gonadotropin and, 48 h later, 10 IU of human chorionic gonadotropin (hCG). After hCG injection, female mice were mated with 10-wk-old ICR males. Fertilized embryos were collected 20-22 h after hCG injection from the plugged females and cultured until the 4-cell stage in CZB medium at 37.58C with an atmosphere of 5% CO 2 , 6% O 2 , and 89% N 2 and saturated humidity. Groups of 4-cell embryos were transferred into a droplet of Hepes-buffered CZB medium. One blastomere in a 4-cell embryo was removed randomly with an enucleation pipette as described previously [33] for human blastomere biopsies. After manipulation, the embryos were transferred back into CZB culture medium containing glucose and held there for up to 2 h at 37.58C with an atmosphere of 5% CO 2 , 6% O 2 , and 89% N 2 and saturated humidity. The embryos were cultured until the blastocyst stage, and embryonic development was monitored and recorded using a three-dimensional (3D) live cell imaging system (UltraVIEW VoX; PerkinElmer). The blastocyst cell number was determined by differential staining as referred to in the previous study [34] . Apoptosis was analyzed by a TUNEL Apoptosis Detection Kit (Roche) according to the manufacturer's manual.
Pseudopregnant ICR females were used as embryo recipients after mating with vasectomized ICR males. The blastocysts from biopsied ''3-cell'' embryos and control 4-cell embryos were transferred into the oviducts of Day 2.5 pseudopregnant ICR females. The postimplantation fetuses were dissected on Days 6.5 and 12.5 after embryo transplantation. Labor was spontaneous at Day 17.5.
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Differential Staining of the Inner Cell Mass and Trophectoderm of Mouse Embryos
Thirty blastocysts each in the PGD and IVEM groups were differentially stained, and the total cell number, inner cell mass (ICM) cell number, and ratio of the total cell number to the ICM cell number were calculated. The blastocysts were rinsed in CZB-Hepes medium after the zona pellucida was removed by treatment with 0.5% pronase for 1 min. Blastocysts were then cultured in CZB culture medium supplemented with rabbit-mouse whole serum for 1 h, followed by treatment with mouse complement serum containing 10 lg/ml of propidium iodide and 10 lg/ml of Hoechst 33342 for 1 h. Finally, the stained blastocysts were put on glass slides and mounted under a cover slip.
Apoptosis Analysis with TUNEL Assay
The apoptotic cells were identified by the TUNEL assay as described in our previous study [34] . Thirty blastocysts each in the PGD and IVEM groups were analyzed. The blastocysts were fixed in 2% paraformaldehyde and permeabilized using 0.5% Triton X-100, then cultured in CZB culture medium supplemented with fluorescein-labeled dUTP and terminal transferase in the dark for 1 h at 378C. The treated blastocysts were observed with a confocal fluorescence microscope (A1Rþ; Nikon).
Behavior of PGD Offspring
To evaluate intelligence and memory, a Morris water maze was used as described in the previous study [35] . Fifteen mice each from the PGD and IVEM groups were tested following 7 days of training separated into three stages (learning, probing, and reversal searching tests). In the first 3 days, the mice were trained to find the platform in the first quadrant. On the fourth day, the platform was removed, and the lengths of time that the mice stayed in the trained first quadrant and nontrained second, third, and fourth quadrants were recorded and compared. In the last 3 days, the platform was put into the third quadrant, and the duration of time required for the mice to find the platform was recorded.
Pole Climbing Test
The cylindrical metal pole test is a measure of motor coordination and balance that requires minimal equipment. With the pole inclined at 458, mice were placed on a round stage (diameter, 2 cm) on the top of a pole (height, 60 cm). The mouse was first placed in the center with the body axis perpendicular to the pole. The trial was performed three times each day for 5 consecutive days. The amount of time (seconds) needed for the mouse to stay on the stage and climb down from the top to the base was measured. A total of 15 mice in each of the PGD and IVEM groups were tested.
Brain Tissue Collection
Tissues were collected from a total of 50 mice in the PGD and IVEM groups at 30 wk (25 mice in the PGD group and 25 mice in the IVEM group). Mice were euthanized, and the brains were exposed and removed from the bodies. Then, each brain was cut into two halves on ice. One half was used for DNA isolation, and the other half was used for total RNA extraction.
ELISA of Global DNA 5mC and 5hmC Content
For 5mC and 5hmC content measurement, the DNA was extracted from the samples, and a total of 100 ng of DNA was put into a 96-well plate. Then, the DNA was treated using Methylated and Hydroxymethylated DNA Quantification kits (Epigentek) according to the manufacturer's instructions. The methylated or hydroxymethylated fraction of DNA was captured by the corresponding antibodies and detected using quantified colorimetry by reading the absorbance at 450 nm in a microplate reader. The results are expressed in units calculated according to the manufacturer's manual.
Methylation Analysis of Imprinted Gene DMRs
Bisulfite treatment was performed using an EpiTect Bisulfite Kit (Qiagen) according to the manufacturer's manual. The bisulfite-converted DNA was amplified by nested PCR. The primer sequences are shown in Supplemental  Table S1 (all Supplemental Data are available online at www.biolreprod.org). Each 25-ll PCR reaction contained 4 ll of bisulfite-treated DNA, and PCR reactions were carried out according to the method described by Lucifero et al. [36] . The presence of amplified products was analyzed by electrophoresis on a 1.5% agarose gel.
The PCR products were retrieved and ligated into the pMD19-T Vector System (TaKaRa). After transformation by heat shock into 200 ll of competent Top10 cells (Tiangen), colonies were isolated and grown. For each sample, 15 positive clones were sequenced.
Quantification of Imprinted Gene Expression by Real-Time PCR
Total RNA was extracted with TRIzol (Invitrogen). The total RNA was reverse-transcribed to cDNA by RT Enzyme Superscript III (TaKaRa). The housekeeping gene, glyceraldehyde phosphate dehydrogenase (GAPDH), was used as an internal control. The primers used for H19, Igf2, Snrpn, and Gapdh are listed in Supplemental Table S2 . Gene expression was detected using the SYBR PrimeScript RT-PCR Kit (TaKaRa). Each sample was assayed in duplicate using the 7500 Real-Time PCR System (Life Technology). Data were analyzed using the comparative threshold cycle method and a standard formula.
Statistical Analysis
Data were analyzed using a t-test with SPSS 17.0 software (SPSS, Inc.). The results are expressed as the mean 6 SEM. P-values less than 0.05 were considered to be statistically significant.
RESULTS
Effects of Blastomere Biopsy on Early Embryo Development
To evaluate the effects of blastomere biopsy on the early development of embryos, 113 PGD embryos at the 4-cell stage were involved in blastomere biopsies. Of these, 110 biopsied ''3-cell'' embryos were reconstructed successfully. A total of 102 four-cell embryos from which the blastomere was not removed were designated as the IVEM group. The representative images for identification of 4-cell, 3-cell, and single blastomeres are shown in Figure 1 . The blastocyst competence did not differ between the PGD and IVEM groups. However, the results from 3D live cell imaging microscopy indicated differences between PGD early developmental embryos and IVEM embryos. In the PGD group, 6-cell embryos began to compact together, and a wider perivitelline space was found in compacted PGD embryos (Fig. 2, yellow arrow) . The cavity timing for IVEM embryos from 4-cell embryos to blastocyst was 32 h, but PGD embryos required 38 h to form a blastocoel ( Fig. 2 and Supplemental Movies S1 and S2). Furthermore, the total cell number and ICM cell number in PGD embryos decreased significantly, but the apoptotic cell ratio was comparable in both groups (Table 1) . No differences were found in rate of apoptosis of either ICM or trophectoderm cells between the PGD and IVEM groups. Moreover, no differences were found in the apoptotic rate of ICM cells compared to trophectoderm cells in either the PGD group or the IVEM group (Supplemental Table S3 ).
In the current study, 168 biopsied and 168 IVEM embryo blastocysts were transferred into 48 recipient mothers (n ¼ 7 embryos/recipient). After dissection on Day 6.5 after embryo transplantation (n ¼ 6 mice each in the PGD and IVEM groups), the implantation rate in the PGD group was approximately 73%, which was significantly lower than that in the IVEM group (;95%). Similar results were observed when the pregnant mice were dissected on Day 12.5 (n ¼ 6 mice each in the PGD and IVEM groups; 66% vs. 80%, respectively). On Day 17.5, 46 PGD newborns and 66 IVEM group newborns were born (n ¼ 12 mice each in the PGD and IVEM groups). The birth rate was also significantly lower in the PGD group than the IVEM group (Fig. 3) .
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Effects of Blastomere Biopsy on Offspring Behavior
We used the Morris water maze to identify the effects of blastomere biopsy on learning and memory when the mice were 30 wk of age. In the learning and reversal searching test for 30-wk-old mice, no significant differences were found between PGD and IVEM mice, but the duration of probingstage testing was significantly prolonged for 30-wk-old mice in the PGD group (Fig. 4, A-C) .
Motor coordination and balance were tested in both groups with a pole climbing experiment. All mice showed excellent turning ability at 30 wk of age: PGD mice stayed on the stage for a mean time of 9.8 sec, and IVEM mice reached the base in a mean time of 7.6 sec. PGD mice spent more time (23.8 sec) climbing down the pole from the top to the base compared to the IVEM mice (16.8 sec) (Fig. 4D) .
Global DNA 5hmC and 5mC Content in Adult Mouse Brains
To identify global genome methylation, 5hmC and 5mC were quantified using the ELISA method. The results indicated that the content of adult brain 5hmC in the biopsied mice from the PGD group was significantly higher than that in the mice from the IVEM group (0.20 6 0.004 vs. 0.16 6 0.003; P , 0.01); however, the content of 5 mC was the same between the two groups (4.11 6 0.09 vs. 4.20 6 0.09; P . 0.05). The ratio of 5 hmC to 5 mC was also significantly increased in the PGD group compared to the IVEM group (4.87 6 0.16 vs. 3.79 6 0.09, P , 0.01) (Fig. 5) . 
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CpG Methylation of H19/Igf2 and Snrpn Gene DMRs
The H19/Igf2 and Snrpn DMRs in the brain tissues were identified using the bisulfite-PCR sequencing method. A representative image is shown in Figure 6A , and the detailed images are shown in Supplemental Figures S1-S4. The IVEM group has a normal methylation pattern for H19/Igf2 and Snrpn DMRs, with a methylation rate of approximately 50%. However, the H19/Igf2 methylation rate in the PGD group was significantly lower (34.89% 6 3.12% vs. 48.82% 6 1.56%). The Snrpn methylation rate was 51.01% 6 1.83%, and no significant difference was found between the PGD and IVEM groups (Fig. 6B) . For all of the examined samples, the bisulfite conversion efficiency was between 90.1% and 100%.
Retrospective Analysis of Correlation Between Impaired Behavior and Abnormal H19/Igf2 DMRs
Retrospective analysis was performed to assess the correlation between the impaired behavior and abnormal methylation modification. A raw value for the PGD mice that was significantly lower than the average value for the IVEM mice was designated as abnormal. The results from the Morris water maze and pole climbing tests showed that three mice with normal H19 methylation modification exhibited normal behavior, whereas four mice with abnormal H19 methylation modification exhibited abnormal behavior. In the other four mice with normal H19 methylation modification, one mouse showed normal probing ability but abnormal pole climbing ability, and three mice showed abnormal probing ability and abnormal pole climbing ability. In the other three mice with abnormal H19 methylation modification, one mouse showed normal probing ability but abnormal pole climbing ability, and 
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two mice showed abnormal probing ability but normal pole climbing ability (Supplemental Table S4 ). After these data were summarized, the mice with abnormal H19 methylation modification tended to show impaired probing behaviors as evaluated by the Morris water maze, but no correlation was observed between pole climbing ability and H19 methylation level. No significant differences were found in the two behaviors and normal methylation modification, and of the eight normal mice, four (50%) displayed one type of abnormal behavior even though the H19/Igf2 DMRs in their brains were normal ( Table 2) .
Level of mRNA Expression of Imprinted Genes
To verify the above-mentioned results, we performed realtime PCR to determine the mRNA expression levels of the H19, Igf2, and Snrpn genes in the two groups. The results were largely in agreement with the methylation results. Igf2 expression in the PGD group was significantly decreased compared to the IVEM group, but no significant differences were found in the expression of H19 and Snrpn (Fig. 7) .
DISCUSSION
Based on the present results, we suggest that blastomere biopsy impairs blastocyst quality and blastocoel formation and decreases the implantation potential and birth rate of the resulting embryos. Moreover, memory and motor coordination were also affected in the PGD group. An increase in 5hmC content and hypomethylation of H19/Igf2 DMRs were observed in adult brains of the PGD group, which likely contributed to the impaired behavior.
In the present study, biopsied manipulation of the PGD embryos was performed at the 4-cell stage, which was earlier than the timing of biopsies performed in the human clinical setting (normally at the 8-cell stage). The differences in embryonic development between mouse and human contributed to this distinction. One reason was to compensate for the differences in the timing of zygotic gene activation in the two species, which occurs at the 2-cell stage in mice [37] and at the 4-to 8-cell stage in humans [38] . The other reason was the differing developmental characteristics of the two species, including duration from zygote to blastocyst stage (mouse, 3.5 days; human, 5.5 days), cell number in blastocyst (;45-80 cells in mice and ;80-180 cells in humans, depending on culture system and blastocyst quality), and compaction (mice, 8-cell stage; human, 8-to 16-cell stage) [39, 40] .
Compaction is an important process for embryos in the early developmental stage, and it normally initiates during the 8-cell stage. At this stage, some materials migrate to the edge of the blastomere, and the gap junction among the eight blastomeres is established and prepared for material flow and subsequent information communication [41] . Moreover, with increasing cell number, the exterior blastomeres of the embryos form the trophoblast cells, and the interior blastomeres of the embryos form the ICM [42] . In the present study, the timing at which compaction occurred did not differ between the PGD and IVEM groups, but only six blastomeres were observed in the PGD groups at this time. The lower number of blastomeres most likely resulted in decreased development of the morula and blastocyst. We also found that blastocoel formation in the PGD group occurred at the 38 h after blastomere removal by micromanipulation; this timing was significantly delayed compared to the IVEM group (32 h). Blastocoel formation was essential for the further development of the ICM, which determines the developmental competence of the blastocyst [43] . All of the above-mentioned factors impair the blastocyst quality and further developmental competence, as was also demonstrated by the decreased implantation efficiency in the PGD group. 
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In a previous study [12] , we showed that memory in adult mice was affected by blastomere biopsy during PGD. To our knowledge, no additional studies have verified this observation or assessed behavior in middle-aged PGD or IVEM mice. Based on the probing test, we showed that PGD mice spent more time on the nontrained quadrant compared to IVEM mice, which was similar to the findings of the previous study. Behavioral evaluation is the most important tool for studying neuron function in the brain. The Morris water maze has been widely applied since 1984 [44] , mainly in behavioral neuroscience. In the field of development and reproduction, Ecker et al. [45] investigated the effects of long-term embryo culture on the behavior of mice using the Morris water maze and demonstrated specific behavioral alterations in the adults derived from cultured embryos. In the previous study, we also used this method to evaluate the long-term risk of ART on the offspring [12, 35, 46] . Pole climbing is a better method to measure motor coordination and balance in rodents for studying neurodegenerative disorders, such as Parkinson disease [47] . This behavioral testing method has been applied in studies of drug target screening, gene function identification, and investigation of pathologic mechanisms. Based on our results, PGD mice spent more time reaching the baseline, and the number of mice that could not climb down increased 
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significantly. Thus, PGD mice had impaired motor coordination and balance.
To elucidate the potential mechanism, the methylation of mouse brain tissues was studied. Methylation is one of the important epigenetic modifications that regulates gene expression or inactivation in organisms. In the study of risk evaluation for traditional ART, including IVF and ICSI, aberrant methylation has been demonstrated in offspring conceived using this technology [48] . Some procedures in ART are thought to induce epigenetic modification alterations; these include superovulation [29] , in vitro culture [30] , micromanipulation [31] , and cryopreservation [32] , all of which increase the risk of aberrant methylation in the offspring. High levels of 5hmC are found in the central nervous system, particularly in areas that are strongly associated with cognitive function, which is regarded as a new constituent of mammalian DNA [18] . The exact biochemical function of 5hmC remains enigmatic, but it may play an important role in regulating gene expression. Epigenetic regulation mediated by 5hmC may broadly impact development of the brain, and the dysregulation of this process could contribute to the molecular pathogenesis of neurodegenerative disorders, such as Alzheimer disease [49, 50] . In the current study, the level of 5hmC in PGD brain tissues was significantly elevated, thus implying the potential risk for neurodegenerative disorders resulting from blastomere removal. Unlike 5hmC, 5mC is well known in epigenetic research, though the impact of ART on 5mC is inconclusive. Some studies have shown that IVF can affect the methylation of CpG through generalized hypermethylation [48] . Other studies have found that epigenetic patterns and early embryonic development are not altered by IVF [51] . The current study found no change in total 5mC content in the brains of biopsied mice, which is consistent with the findings of Hiendleder [52] .
Nevertheless, it is possible that some special CpG islands are impaired by DMR hypermethylation and hypomethylation because only global 5mC content was measured in the current study. Three representative imprinted genes (H19, Igf2, and Snrpn) were selected to measure the methylation pattern of DMRs and gene expression [53, 54] . These three imprinted genes were closely related to the imprinting diseases that were shown to have a higher incidence in ART offspring. H19/Igf2 DMRs show hypomethylation with the change in expression of Igf2, which was more easily impaired by ART manipulations [53] . Igf2, the least-characterized member of the Igf family, is expressed in the brain during development and adulthood but declines with aging [55] . In the adult brain, Igf2 is one of the most abundantly expressed Igf family members. Administering Igf2 can significantly enhance memory retention and prevents forgetfulness [55] . Therefore, Igf2 plays a critical role in memory consolidation and enhancement. In the present study, we showed the correlation between impaired behavior and H19/Igf2 DMR methylation. Based on the results, we concluded that the mice most likely would have impaired probing ability in the Morris water maze if the mice had abnormal H19/Igf2 DMR methylation. The results also suggested that the mice would have impaired probing ability even though they had normal H19/Igf2 DMR methylation, which was attributed to the following: First, the present study consists of experiments based on a small sample size. Second, paternal and maternal H19/Igf2 DMR methylation were not analyzed separately, which could result in bias [56] . Finally, the most important reason is that the behavior most likely would not only be impaired by epigenetic modification of imprinted genes but also be affected by other genes or proteins, as indicated by our previous study [12] . Therefore, subsequent experiments using a large sample size should be conducted, which would give more solid proof for the correlation between impaired behavior and H19/Igf2 DMR methylation after the analysis of paternal and maternal methylation modification.
Interestingly, the relative mRNA expression of H19 in PGD mice did not change significantly, whereas the relative mRNA expression of Igf2 decreased significantly compared with IVEM mice even though the loss of methylation at the H19/ Igf2 DMR was observed. Normally, this loss would result in enhancement of H19 gene transcription and therefore increase mRNA expression. Because H19 and Igf2 share regulatory elements (i.e., enhancers), the increase in the total level of H19 mRNA, in theory, would be accompanied by a concomitant reduction in the level of expression of Igf2. However, this ZHAO ET AL.
expectation was distinctly different from our results. One possible reason for this difference is that the total volume of H19 and Igf2 mRNA expression was calculated and compared in the genome, but neither the paternal nor maternal monoallelic expressions were analyzed. In the mammalian genome, transcription of nonimprinted genes is regulated by the parental biallelic complement, but the expression of imprinted genes is effectively monoallelic and dependent on the parent of origin. Therefore, some imprinted genes, such as Igf2 and Snrpn, were expressed only on the paternal allele and not on the maternal allele by the methylation pattern. Other imprinted genes, such as H19, had a completely opposite pattern of expression. In 2008, Rivera et al. [56] also indicated that total levels of H19 mRNA were not significantly different in the placenta of manipulated groups when compared with control placenta. Moreover, those authors found a significant difference when they divided all of the manipulated placentae by paternal or maternal allelic expression. Thus, a further study should focus on the dynamic changes in the level of paternal and maternal gene expression to identify the mechanism by which imprinted genes affect mouse behavior.
In conclusion, the present study showed that blastomere removal affects embryo development, potentially from the beginning of the early developmental stage until adulthood. The results suggest that blastomere removal during PGD should be improved and optimized before wide application in the clinical setting.
